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Abstract We identified proteins whose amounts were altered in 
a temperature-sensitive dnaA46 mutant of Escherichia coli. 
Proteins whose amounts were increased in the mutant were serine 
hydroxymethyltransferase, P-ketoacyl [acyl carrier protein] 
synthase II, long-chain fatty acid transport protein, and UDP-
glucose 4-epimerase, while the decreased ones were flagellin and 
D-ribose-binding protein. Transformation of the mutant with a 
plasmid containing the wild type dnaA gene complemented the 
phenotype. As pulse-labeling experiments revealed that the rates 
of synthesis of the proteins were altered in the mutant, DnaA 
protein may be involved in expression of these proteins. 
© 1997 Federation of European Biochemical Societies. 
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1. Introduction 
D n a A protein is the initiation factor of chromosomal D N A 
replication in Escherichia coli [1,2]. The initiation of D N A 
replication is assumed to be regulated by alteration in the 
activity of DnaA protein, a protein with a high affinity for 
A T P and A D P [3]. The ATP-binding form is active in oriC 
D N A replication reconstituted from purified proteins, where-
as the ADP-binding form is inert [3]. Recently, we reported 
that an organic compound designed to inhibit the ATP-bind-
ing capacity of D n a A protein inhibited in vitro oriC D N A 
replication [4]. These results suggest that the activity of 
D n a A protein is regulated by its adenine-nucleotide binding. 
Therefore, factors which affect inter-conversion between the 
ATP-binding form and the ADP-binding form of D n a A pro-
tein may regulate D N A replication. Acidic phospholipids 
which facilitate the exchange of A D P bound to D n a A protein 
with A T P may function as regulators [5-8]. 
In addition to initiation of D N A replication, D n a A protein 
negatively regulates expression of various genes, such as the 
dnaA, mioC, rpoH, guaBA, and uvrB genes, through specific 
binding to D n a A boxes located at the 5'-upstream regulatory 
region or coding region of these genes [9]. D n a A protein may 
also be involved in termination of transcription of some genes 
[9]. About 1600 D n a A boxes are estimated to be located on 
Escherichia coli chromosome D N A [10], suggesting that many 
other genes are regulated by D n a A protein through its specific 
binding to D N A . On the other hand, we reported that purified 
D n a A protein has activity which alters D N A topology 
through its non-specific binding to D N A [11]. We also found 
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an increase in the D N A supercoiling of plasmid D N A in dnaA 
mutants [12]. These results suggest that DnaA protein affects 
D N A topology in cells. We also reported that expression of 
the fliC gene, encoding flagellin, is suppressed in various dnaA 
mutants [13]. As expression of the fliC gene is inhibited by 
stress which alters D N A supercoiling in cells [14,15], we pro-
posed that the decrease in expression of the fliC gene in the 
mutants is caused by alteration in D N A supercoiling [12]. 
D N A supercoiling profoundly affects the transcription of var-
ious genes other than the fliC gene [16-18]. Therefore, expres-
sion of a number of genes may be regulated by D n a A protein 
via alteration in D N A supercoiling. 
We assumed that proteins the expression of which is regu-
lated by DnaA protein would be involved in regulation of the 
activity of DnaA protein. Therefore, screening of proteins 
whose expression is regulated by D n a A protein will yield per-
tinent information on regulatory proteins of D N A replication 
in Escherichia coli. We searched for proteins whose expression 
increases or decreases in dnaA mutants , using two-dimension-
al polyacrylamide gel electrophoresis, and six proteins with 
altered expression in dnaA mutants were identified. 
2. Materials and methods 
2.1. Bacterial strains 
Temperature-sensitive mutants of the dnaA gene and the wild type 
strain were from our laboratory stock [19]. pHBlOS plasmid, which 
carries only the dnaA gene as a insert [19], was used for plasmid 
complementation analysis. 
2.2. Growth conditions 
Escherichia coli cells were grown in LB medium containing 50 ug/ml 
thymine until optical density at 660 nm reached 0.5, then were har-
vested by centrifugation. 
2.3. Two-dimensional gel analysis of proteins 
Crude extracts of bacteria cells were prepared as described [20], but 
with some modifications. Cells suspended in sonication buffer [20] 
were disrupted by sonication and centrifuged. The supernatant was 
diluted in lysis buffer [20] to 2 mg/ml protein, following incubation 
with 50 ug/ml DNase I at 0°C for 10 min. Two-dimensional gel elec-
trophoresis was performed as described elsewhere [21]: first dimen-
sion, non-equilibrium pH gradient electrophoresis (1000 V, 4 h), 2% 
pH 3.5-10 ampholine mixture; second dimension, SDS-polyacryl-
amide gel (10%) electrophoresis. Proteins were stained with Coomas-
sie brilliant blue R-250. 
2.4. Purification and identification of proteins 
Proteins separated by two-dimensional gel electrophoresis were 
eluted from gel in SDS sample buffer (2% SDS, 4% 2-mercaptoetha-
nol, 20% (v/v) glycerol, 20 mM Tris-HCl (pH 7.9), 0.16 mg/ml brom-
phenol blue). Samples were applied to SDS-polyacrylamide gel elec-
trophoresis and transferred to PVDF membrane (Millipore). 
Membranes were applied to an auto amino acid sequencer (473A 
protein sequencer, Applied Biosystems) and the obtained N-terminal 
sequences were analyzed using the Swiss-Prot data base. 
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2.5. Protein pulse-labeling analysis 
Cells were incubated with 5 mCi/ml 3BS-labeling mixture (70% me-
thionine+30% cysteine) for 5 min. Samples were prepared as described 
in Section 2.4. The radioactivity of each sample was counted in a 
liquid scintillator (Beckman), and samples with the same amount of 
radioactivity were analyzed by two-dimensional gel electrophoresis. 
Gels were soaked in an enhancer solution (Beckman) for 30 min 
followed by fluorography. 
3. Results 
3.1. Two-dimensional gel analysis of proteins in dnaA mutants 
A number of temperature-sensitive dnaA mutants have been 
isolated [22-24]. In addition to the growth-deficient phenotype 
at 42°C, these mutants show a decreased expression of the^ 'C 
gene [13] at 37°C, a permissive temperature for growth. The 
result suggested that mutant DnaA protein maintains the ac-
tivity for DNA replication but its transcriptional activity is 
altered at 37°C. As we assumed that proteins whose expres-
sion is regulated by DnaA protein would be likely to increase 
or decrease in the temperature-sensitive dnaA mutants grow-
ing at 37°C, we compared the expression pattern of proteins 
in KS1003 (dnaA46) to that in KS1001 (wild type) using two-
dimensional polyacrylamide gel electrophoresis. We identified 
four protein spots (spots #2, #3, #4, #6), the amounts of 
which were markedly higher in the dnaA46 mutant (Fig. 
1A). We also identified two protein spots (spots #1 , #5) 
with amounts much lower in the mutant (Fig. 1A). The appa-
rent molecular masses of these proteins were determined to be 
52 kDa (#1), 45 kDa (#2), 44 kDa (#3), 43 kDa (#4), 30 kDa 
(#5), and 37 kDa (#6), based on their migration on gel elec-
trophoresis. Densitometric scanning revealed that the 
amounts of these proteins were 4-7 times higher (#2, #3, 
#4, #6) or lower (#1, #5) in the mutant than in the wild 
type cells (Fig. IB). At 28°C, the expression pattern of pro-
teins was indistinguishable between the dnaA mutant and wild 
type cells (data not shown). Similar results were obtained for 
other temperature-sensitive dnaA mutants (dnaA5, dnaA167, 
dnaA203, dnaA508, dnaA601, dnaA602, and dnaA604 mu-
tants) (data not shown). To confirm that alteration in the 
expression of these proteins in the dnaA mutants was caused 
by dnaA mutation, plasmid complementation analysis was 
performed. When the pHBlOS plasmid which contains the 
wild type dnaA gene [19] was introduced into the dnaA46 
mutant, the expression pattern of proteins became much the 
same as that of wild type cells (Fig. 1). The vector, pBR322, 
did not complement the phenotype of the dnaA46 mutant 
(data not shown). Alteration of the protein pattern in other 
temperature-sensitive dnaA mutants was also complemented 
by pHBlOS plasmid (data not shown). These results are taken 
to mean that alteration in the expression pattern of proteins in 
the dnaA mutants is due to the mutations in the dnaA gene. 
3.2. Determination of the AJ-terminal amino acid sequence of 
the proteins 
To identify the proteins with expression altered by the dnaA 
mutations, we recovered the proteins from the gel and deter-
mined their N-terminal amino acid sequences. More than 11 
amino acid residues were determined for each protein and a 
homology search was done using the Swiss-Prot data base. 
The determined amino acid sequences of each protein were 
B 
Fig. 1. Two-dimensional gel analysis of proteins in the dnaA46 mutant. A: The crude extracts with the same amount of protein (120 ug) pre-
pared from bacteria cells grown at 37°C were applied to two-dimensional gel electrophoresis. The arrows indicate the position of proteins, the 
amounts of which were altered in the mutant. B: The amount of each protein was determined by densitometric scanning of gel and relative val-
ues to KS1001 are shown. 1, KS1001 (wild type); 2, KS1003 (dnaA46 mutant); 3, KS1003 harboring the pHBlOS plasmid. 
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Fig. 2. Pulse-labeling analysis of proteins. Cells were incubated with 5 mCi/ml 35S-labeling mixture (70% methionine+30% cysteine) for 5 min. 
Crude extracts with the same amount of radioactivity (240000 cpm) were analyzed by two-dimensional gel electrophoresis. The radioactivity of 
each spot was determined and relative synthesis rate of each protein to KS1001 is shown. 1, KS1001 (wild type); 2, KS1003 {dnaA46 mutant); 
3, KS1003 harboring the pHBlOS plasmid. 
identical to those of proteins which were reported on earlier 
(Table 1). The molecular masses of these proteins were much 
the same as those we determined by gel electrophoresis (Table 
1). From these results, we identified these proteins: flagellin 
(#1) [25], long-chain fatty acid transport protein (#2) [26], 
serine hydroxymethyltransferase (#3) [27], p-ketoacyl [acyl 
carrier protein] synthase II (#4) [28,29], D-ribose binding pro-
tein (#5) [30], and UDP-glucose 4-epimerase (#6) [31] (Table 
1). We have earlier reported a decrease in the amount of 
flagellin in the dnaA mutants [13]. By examination of the 
DNA sequence of the 5'-upstream region and coding region 
of genes which encode these proteins, using the GenBank data 
base, one DnaA box (TTATACAAA) was present in the 5'-
upstream region of the fadL gene which encodes a long-chain 
fatty acid transport protein. A DnaA box in 5'-upstream re-
gions and coding regions of other genes was never evident. 
3.3. Pulse-labeling of proteins in dnaA mutants 
We reported a decrease in the synthesis of flagellin in dnaA 
mutants [13]. In the present study, we compared rates of syn-
thesis of other proteins (#2, #3, #4, #5, #6) in the dnaA46 
mutant and in wild type cells by a pulse-labeling experiment. 
The amounts of radioactivity incorporated into the proteins 
#2, #3, #4, and #6 were 8-15 times higher and that into 
protein #5 was one-fiftieth in the dnaA46 mutant compared 
with those in the wild type cells (Fig. 2). The result suggests 
Table 1 
Identification of proteins 
that alteration in the amounts of these proteins in the dnaA46 
mutant (Fig. 1) is due to changes in rates of synthesis of these 
proteins. 
4. Discussion 
Two-dimensional gel analysis of proteins in dnaA mutants 
identified six proteins, the amounts of which were altered in 
the mutant. As alteration in expression pattern of proteins in 
dnaA mutants was complemented by a plasmid containing the 
wild type dnaA gene, the dnaA mutations are responsible for 
the events. 
The DnaA box exists in the 5'-upstream region of the fadL 
gene which encodes a long-chain fatty acid transport protein. 
As the specific binding of DnaA protein to DnaA boxes which 
are located in the promoter region of various genes inhibits 
the initiation of transcription of the genes [9], the increase in 
the content of long-chain fatty acid transport protein in the 
dnaA mutations may be due to inhibition of the negative 
regulation of the fadL gene by DnaA protein. Examination 
of the effect of disruption of the DnaA box in the 5'-upstream 
region of the fadL gene on the expression of the fadL gene 
seems to be important to support this notion. On the other 
hand, a DnaA box was not evident in other genes. Therefore, 
a mechanism other than inhibitory action of DnaA protein on 
the transcription via DnaA box-dependent specific binding to 
No.a 
1 
2 
3 
4 
5 
6 
Protein 
Flagellin 
Long-chain fatty acid transport protein 
Serine hydroxymethyl transferase 
P-Ketoacyl [acyl carrier protein] synthase II 
D-Ribose binding periplasmic protein 
UDP-glucose 4-epimerase 
Gene 
fliC 
fadL 
glyA 
fabF 
rbsB 
galE 
Molecular 
A 
52000 
44500 
44000 
43000 
29500 
37000 
massb 
B 
51163 
45969 
45625 
42914 
30950 
37265 
Sequence0 
AQVINTNSLSLITQ 
************** 
AGXQLNEFSXXGLGR 
* * p * * * * * * Q C * * * * 
MLKREMNLIADY 
************ 
SSRRVWTGLGMLSP 
*************** 
KDTIALWSTLNXPF 
* * * * * * * * * * * * N * * 
MRVLVTGGSGYIGSH 
*************** 
"Proteins are numbered as described in Fig. 1. 
bA, the molecular mass of the proteins determined by their migration on gel electrophoresis. B, the molecular mass of the proteins previously 
reported. 
cUpper row, amino acid sequence determined by direct protein sequence; lower row, amino acid sequence from Swiss-Prot data base. *, identical 
amino acid; X, amino acid not determined. 
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DNA is involved in alteration of the contents of these proteins 
in the mutants. An increase in supercoiling of DNA in dnaA 
mutants was apparent when cells were grown at 37°C but not 
at 28°C [12], thus corresponding to the effect of mutations on 
the expression pattern of proteins. DNA supercoiling greatly 
affects the expression of various genes [16-18]. Thus, we con-
sider that perhaps the alteration of contents of these proteins 
other than long-chain fatty acid transport protein is caused by 
an increase in the supercoiling of DNA by the dnaA muta-
tions. With regard to the fliC gene encoding flagellin, the 
expression is thought to be greatly affected by a change in 
DNA supercoiling [14,15]. There is a possibility that the 
dnaA mutations give adverse effects on DNA synthesis, even 
though the period of generation of cell growth is not pro-
longed [13]. Therefore, a notion that the alteration of content 
of these proteins is caused by adverse effects should be con-
sidered. 
We proposed that the activity of DnaA protein is regulated 
by membrane phospholipids in cells [5,8], since acidic phos-
pholipids, such as cardiolipin and phosphatidylglycerol, acti-
vate the ADP-binding form of DnaA protein in vitro [5-8]. 
This notion is supported by recent genetic studies [19,32,33]. 
From this point of view, the increase in the amounts of long-
chain fatty acid transport protein and P-ketoacyl [acyl carrier 
protein] synthase II, both of which are involved in phospho-
lipid metabolism, is important. We consider that alteration of 
expression of these two proteins is involved in the adaptation 
of the mutant to grow at 37°C through modulation of the 
activity of the mutant DnaA protein. Increase in the proteins 
may alter the fatty acid composition of the cell membrane 
which in turn affects interactions between DnaA protein and 
the membrane. Actually, we have data that the composition of 
fatty acids of phospholipids on membranes is drastically al-
tered by dnaA mutations when cells were grown at 37°C but 
not at 28°C (Suzuki et al., manuscript in preparation). 
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